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In the I1irst year oI this grogram a significant
cortion o©f these orjectiwves has peen achieved.
DiZferential thermal analysis (DTA) has bpeen ctericrmed
on XDP, AgCl, LiIO3 and (on a concurrent contract)
KRS-5. Growth rates for KTN, KNbO3 and LiIO3 were
established in carefully contrcolled experiments on
pulk crystals. AgCl was identified by DTA and chemi-
cal purification studies using zcne refining in a
CCly:He atmosphere as a good test material Zcr SC
Ziber fabrication by a "traveling zone" method. This
approach produced fibers more than 2 cm in length and
appears tc be very promising fcr certain congruent
materials. KDP fiber growth was attempted in a
Bridgman appraratus and showed limited success, produc-
ing encapsulated fibers roughly 2 cm long. The poten-
tial of Czochralski growth methods f£or KTN and KNbO3
Zibers was also evaluated.

In addition to crystal growth and fiber fabricaticn
efforts, an alternate approach to nonlinear optical
fibers was developed and shown to have significant
potential. Experiments demonstrated that high quality
glass fibers could be smoothly incorporated into non-
linear media to permit coupling the evanescent field
of guided light to the crystal of interest. Light in
the guide can generate phase-matched, nonlinear polar-
ization in the surrounding medium which radiates new
frequencies back into the guided mode. Two methods
successfully produced oriented, embedded fibers in
LiIO3. Numerous device applications are envisioned
for hybrid fibers of this type. This unique approach
-has provided a new avenue for nonlinear fiber fabrica-
tion at a time when it has become clear that no one
method will be satisfactory for all nonlinear material
of interest. Significant differences in physical and
chemical properties continue to dictate the adaptive
approach to methodology originally proposed for this
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PREFACE

This is the first annual report describing our progress on the 1
development of optical fibers for use in nonlinear optical systems. The 1

‘one~vear period covered is from 1 January 1982 to 31 December 1982. },

Participating in the research program are the following personnel:
Larry G. DeShazer as principal investigator; J.A. Harrington, A.C. Pastor,
| and R.C. Pastor in fiber fabrication, and S.C. Rand in hybrid single
| crystal fiber studies. {
This research is being supported by the U.S. Air Force Office of
Scientific Research, Bolling AFB, D.C. The program is under the technical

supervision of Dr. Howard Schlossberg, Physics Directorate.
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SECTION 1

RESEARCH OBJECTIVES

The main cobjective ©of this contract is to find methcds ==
Zapricating single crystal nonlinear optical Zibers. Successiul

1
taechnigues are to pe utilized to make crystal ZIibers that will
1

ce useful for nonlinear devices, particularly in =he infrarzd,.
Jevice concepts and applications are also to be Icrmulatad
This werk has been divided into three parts which are descrized

selcw.

Task 1 entails the measurement of physical and chemical
croperties of linear and nonlinear materials relevant to the
prevaration of single crystal and nonlinear fibers. Differen-
tial thermal analysis (DTA), vapor pressure analysis and thermc-
gravimetric methods (TGA) are employed for this purpose. Th
emphasis is on selection of fiber grcwth methods most appropri-
ate for particular materials or classes of materials. The
scope of methods investigated is intended to be broad in order
to encompass at least three different candidate materials.

Under task 2 a variety of methods for precduction of single
crystal fibers are to be developed, recognizing that no one
method can be applied even in principle to SC fiber growth of
all materials of interest. Efforts will be directed toward, but
not limited to, the study of:

® Traveling Zone Method - A method for conversion of

polycrystalline fibers to SC fibers. This tech-
nigque uses a small heater to recrystallize small
sections of extruded polycrystalline fiber which

pass through a hot zone on rollers. Long lengths
are possible in principle for congruent materials.

o Vapor-Stabilized Bridgman Method - A Bridgman method
of producing single crystal fibers in which the melt
is vapor-pressure stabilized. This method will be
applicable to nearly congruent melters like KDP.
When operating parameters have been established its
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applicability to isomeorphous ccompounds such as ADP
and deuterated forms such as KD*P will be assessecd.

® Inverted Czochralski Method - A method Zor crcduc-
ing single crystal fibers. This mechcd makes use
cf a growth orifice belcw the melt alzng with =zhe
stapilization of melt compositicn. Dynamic intec-
tion of makeup material or provisicn oI a reserwcir
in melt contact with the main charge (but heid at =2
slightly higher temperature) is %he tasis ZIor
stabilization.

] Capillary-Fed Czcchralski Methed - A methcd Zcr
congruently melting materials. Capillarv desicns
can overccme thermal steady state limizaticrns =2
the conventional Czochralski tachnigue aprlied =c
fiber growth. By reducing the ratio oI free sur-
face of the melt tc growth interface, thermal
problems can pe minimized and sur: acu tans cn mav
be useful in providing mechanical stabilitv at the
growth interface.

° Hybrid Single Crystal Fiber Method - Develop a

hybrid single crystal fiber. In the presence oI

good optical contact between a glass fiber core and

a bulk, nonlinear crystal, the evanescent portion

of the guided wave can couple toc nonlinear polariza-

tion in the crystal. This results in a nonlinear

hybrid fiber with properties controlled by fiber

diameter and orientation relative to crvstal axes.

Task 3 is concerned with the measurement of optical proper-

ties of the fabricated fibers and development of device applica-
tions. Characterization of absorption and scattering losses as
well as observation of nonlinear optical effects constitute the
core of this part of the program. Measured prcperties are to be
analyzed using existing theories of nonlinear processes and
light scattering in fibers (particularly from surface imperfec-
tions). New theoretical approaches are to be developed only if
necessary for analysis. Primarily in the second year of the
program this task will include consideration of new devices

using nonlinear fibers.
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SECTION 2

STATUS OF THE RESEARCH EFFORT

AL INTRODUCTION

During the Zirst year of the Optical Fibers for Ncnlinear
Optics program several promising methods for single crvstal

Ziber growth have emerged, and impcrtant limitaticns cf <hese

1]

and other methods have been identified. Single crystal (ST}

<

M

fiber fabrication of AgCl and KDP achiewveé by ¢the Traveling Zcn
and Bridgman methods is very encouraging. Results with these
apgproaches are described in subsections B and C, respectively,
of this section. 1In subsection D a low growth rate of the
Inverted Czochralski methcd for incongruently melting crvstals
is discussed, and in subsection E a Capillary-fed Czochralski
approach is shown to hold considerable promise for congruent
crystals. In subsection F experimental results with LiIO3 are
used to demonstrate that Hybrid SC Fibers provide a novel, ver-
satile method of fabricating oriented single crystal fibers
based on virtually any ionic nonlinear crystal.

It should be emphasized that as a class nonlinear optical
materials encompass the entire range of thermal behavior possible
in compounds. It has therefore become increasingly clear in this
program that no one method of SC fiber growth can accommeodate
the disparities of all the crystals listed in Table I. Hence it
must be recognized that fabrication of SC fibers from these
materials necessarily calls for a variety of methods. Our
progress can be directly linked to this perspective on the
problem and the broad scope of our efforts.
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Table I. Classification of Nconlinear Crvstals Based
on Thermal Behavicr
Thermal Classification Nonlinear Optical Crvwstals
Congruent Melting LiNbO3, LiTaO3, BSO, Gdz(MoO4)3, szfncci
BeO, CuBr, CuCl, CuI
Incogruent Melting
(a) Solid Solutions KXTN, BazNaNbSOLS’ PbNb4Ol%, K3L;2§b53l5,
Kp.g¥ag, B2 k50,5, Sry sBa, 5Nb,04
(b) Peritectic KTaOB, KNbO3, PbTiO3
Compounds
Thermally Unstable
Materials
(a) Chemical Change LiIo3, KDP, AgGaSz, ZnGePZ, CdSe, Cd&s,
below meltin ; . .
g s%c, K, C,H,0, 1/2 H,0, (NHZCH2COOH)3 H,80
LlCHOz'HZO, (NH4)2C204-H20, 1-HIO3,
Ag,AsS,,Ag,SbS;, ADP, AD*P, CsH,AsO,
KH2A504, BeSO4'4H20, KD*P, RDA, RDP, ZnO,
ZnS, CdTe, GaSb, GaAs, GaP, InSb, InaAs,
InP, ZnSe, 3-ZnS, ZnTe, NaBrOB, NaClO3

Polymorphic
below melting

NaNOZ, u-SiOZ, x=Hgs, BaTiOB.

—




3. TRAVEZLING ZONE METHOD FCR 3C FIZER GROWTH

The =raveling zcne methcd oI Zaprizating S5C iz
nllke anv other fiber growth technizue. In =his me
cegln with a polycrystalline (PC) Ziber macde & a Aac

e
method (Ref 1l). The Ziper is then pla
drive rollers, as shown in Figurs 1. A smal. heacer
used to melt a tiny secticn oI the fiber, and zs
a@ls thrcugh the heart zcne, the PC fibe

ioer.

PC FIBER

RING HEATER

Figure 1. PC to SC fiber conversion for
unencapsulated fibers. Only
a small portion of the fiber
is melted in the ring heater.

12514-2
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ber diameter ratij
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<ar, ha l:1 241 1

The Ziber pulling apparatus Ior gr
in TLgura2 2. As shcwn 1n the insert, =h
2z >r dewn 1n the criz:ical melt zore, 1 ed
The Iilzer 1s gJulded Dy tWO guar=tz Caglllary tukes lccazTad 3T Ihe
-2z and pcrttom oI the rollers. To minimize convwacticn Turrsnts,
we have also made a small Juar<tz enclosure (not sncwn in
Figure 2) which encompasses the heater and melt zcne. This small
sanclosure also has caplllary guide tubes at the <ot and 2coicnm

=> xeep the flber precisely aligned within the heater czc:il.
Using the apparatus shown in Figure 2, we are aple

accurately the speed of the fiber, the temperature

rovide a melt zone from cne to three i

Q
[0}
H
b
7]
o]
[o7)
'Q

in length. Generally, we operate with a melt zone
one Iiber diameter in length.

The initial choice of fiber material was AgCl. This
material was chosen because it is easy to extrude into PC Zicer.
Its vapor pressure is low at the melting point and the mel:
{vellow in color) is readily distinguished £rcm the solid sta*e
(which is clear) allowing the profile of the melt zone to be
studied carerully. After we perfect our technigques with AgCl
fiber we will attempt more difficult crystals such as LiNbO3.

The results for SC fibers of AgCl are shown in Figure 3.

In Figure 3(a) the fiber is shown in place between the guide
tubes, together with the heater coil, during operation. An
approximately 2-cm-long section of SC fiber is shown on top of a
scale in Figure 3(b). While only short segments of SC fiber have
been made, we do not see any obstacles to making SC fibers 1 m or

more in length using the existing apparatus. At a later time it
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will be necessary to add a feedback system o C
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diameter, an inert or reactive atmosphere =0 prevent i1mpuri<c:’
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contamination of the fibers, and a methcd to seed 2he fizer

zrowing oriented SC fibers.

c. VAPOR-STABILIZED BRIDGMAN METHOD FOR SC FIBERS

Crn the basis of differential thermal analvsis (ZTA) s=zudizas
3z HRL, XDP (potassium dihvdrogen ohosphate) has teen selectzd

o be the test material for this method of ST fiber growth. A

fv
b

OTA thermogram of KDP is shown in Figure 4. It reveals chances
in the constitutional water upon heating and exhibits a rather
coorlyv defined melting transition above 260°C. Remarkably,
although the material evidently melts incongruently, the DTA
shows a sharo exothermal peak suggestive of crystallizaticn oI 2
congruent melter upon cooling. It 1is this Zfeature which sug-
gests that vapor-stabilized Bridgman growth can be a successiul
technique for KDP fibers.

Figure 5 shows the loading and sealing of the HRL-designed
crucible preparatory to SC growth in the Bridgman mocde. The
last diagram in the sequence gives a faithful representation cf
the apparatus ccnstructed for the KDP experiments. Our initial
Bridgman runs with KDP charges yielded short segments of clear
fiber roughly one inch long. X-ray analysis indicated that the
crystal structure in these clear regions corresponded to either
K4H6P4O15 or 3KH2P04°KPO3. The DTA and x-ray evidence jointly

suggest the following chemical reactions:

~270°C
4KH2904(S) hea_tlng— 3KH2E’O4'KPO3(2) + HZO(g)
cooling to
room
temperature
3KH, PO, *KPO4(s) + H,0(2) . (1)
9
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Figure 4. Differential thermal analysis curve for
encapsulated KDP.
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o udal
VACUUM N A\

BRIDGMAN
CHARGING EVACUATION SEALING GROWTH

Figure 5. Stabilized Bridgman growth apparatus for SC
fibers of KDP. The figure illustrates the
sequence of loading, evacuation, sealing
and crystal growth.

Growth of KDP can evidently be effected if the first step
of the chemical reaction is made reversible. The DTA and x-rav
results have led us to speculate that the melting of KDP will be
rendered reversible if the prccess is carried out under a high
water vapor pressure. For growth from the melt to be feasible,

the reaction must be

high p(Hzo)

(I
KH,PO, (5) g~ KH,PO, (%) . (2)

11
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te exgerimental apprecach 1s 2o determine the
u ssu t

1a

id alue or the partvial pre
111 make KDP melt reversiblvy.
1s puroose a stainless stegel bomb with Zused
liner has pteen designed and fabricated at HRL “cor Bridcman ocer-
aticn with H,O overpressure (Figure 6). Initial runs will te

1

aimed at bulk SC growth. Success with bulk growth in this zon-

figuration would in 1itselZ be a significant achievemenzt since
all ccmmercial Zabrication of KDP is cverformed exclusivels Irsm
soluticn at the present time. Extension 2f the methed = I:izer

growth will be accomplished by the introcduction cf Zused s.’:ca

capillaries into the melt region of Figure 5.

D. MELT-STABILIZED INVERTED CZOCHRALSKI METHOD FCR SC

FIBERS

An analytic study has revealed limitations cf the process
of SC growth of an incongruent melter from a fluxed mel:t. Thers
are two cases of melting incongruency to consider; each is
treated in turn in this section.

The first is exemplified by peritectic compounds like KNbO3
which crystallize below the peritectic temperature from a finite
melt. As such compounds are coocled, the phase that crystallizes
has an unvarying composition although the melt composition
changes, becoming progressively leaner in the peritectic com-
cound as the temperature decreases. Potassium nicbate (KNbOB)
has a peritectic temperature of 1039°C but can be melted below
this temperature by the addition of excess K2o.

Our analysis of peritectic growth from the fluxed melt

vlelds the equaticn for the linear growth rate:

R = D(dX(2)/dT) (dT/d2) (V_/V,X(s)) , (3)

12
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STAINLESS
STEEL
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Figure 6. Crystal growth bomb for
KDP preparation in the
presence of H,O
overpressure,
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where D 1s the mass diffusion cceZficient oI ¢

scecies in the Zluxed melt, d¥X(:)/dT is the r=s

i
slope of the liguidus in the binary phase diagram of crvwstalliz-
g e

ing species versus flux, dT/dZ 1s the temperatures gradisens in
the melt at the crystal growth interface, the V's are mclar
volumes, and X(1l) is the liquid mole fraction of the crystalliz-
ing species. Order of magnitude values of these Factcrs Icr
KNbO, are D ~ 107° m%/s, dx(.)/dT ~ :1072>¢7!, ar,az - 13%c =,
VS/V: ~1, ang X{s) - 1. Substituticn of these wvalues intc (3)

gives R = 10 7 m/s, or 0.1 mm/day. This low value has been cor-
roborated by experimental studies undertaken during the vear <o
measure bulk SC growth of KNbO3. Our measurements vielded a
value cf R = 0.3 to 0.5 mm/day for KNbO3.

The second case of melting incongruency is that of %the
solid solution in which crystallization cccurs from a melt of
differing composition. As the mixed svstem crystallizes, the

composition of the finite melt changes. Therefore, the tempera-

ture has to be lowered for cryvstallization to continue; but the
next crystallizing layer will have a composition differing from
that of the preceding crystallized laver since it is crystal-
lized from a melt of changed composition. For the crystal to be
homogeneous, time must be allowed for the preceding crystallized
layer to change its composition to match that of the next crvs-
tallizing layer. Since the mechanism for such a change 1is
diffusion in the solid, it is very slow. Homogeneous crystal
growth of a solid solution from a finite melt is bottlenecked bv
solid state diffusion.

OQur analysis of this process yielded the equation for the

linear growth rate,

R = D(dX(s)/4T) (dT/d42Z) /X (s) (4)

where D i1s now the mass diffusion coefficient for the solid,
dX(s) /dT is the reciprocal of the slope of the solidus, and
dT/dZ is the temperature gradient in the solid at the interface.

14 ]
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6 -5 , . . ‘
to 10 times D in the liguid,

In the solid,D is typically 10~
and there is no order-of-magnitude change in the other factors.
Therefore, R = lO"6 mm/day 1s an optimistic value for this case.

The melt-stabilized inverted Czcchralski growth methced
oroposed by us in efiect makes the size of the melt infinits, sc
that Zor KNbO3 R will be similar to the calculated value Z¢

r
ceritectic growth. The driving force of flow of melt throuch

pressure petween the vapcr space inside the wvessel containing
the melt and that on the outer side of the oriiice zlus the
nydrostatic head due to the column of meit over che
(assuming that the growing fiber is externally suppo
Hence the maximum growth rate expected for this agoroach is
given by (3). For KNbO3 the fiber growth rate is thersicre L:.m-
1ted to rcughly 0.3 mm/day, making it impractically slcocw. How-
ever, applications of the technigue to congruent materialis s=:o..

need to be investigated.

E. CAPILLARY-FED CZOCHRALSKI METHOD FOR SC FIBERS

The capillary-fed Czochralski method of SC f.ber growth was
invented at HRL to overcome some of the thermal and mechanical
problems inherent in conventional Czochralski methods. The
capillary modification is intended to handle congruently meltincg
materials, which behave as one-component systems under crvstal-
lization conditions.

A discussion of the concomitant changes in the material
processing is helpful at this point, particularly as thev relate
to fiber production. The solid and molten states of congruent
materials coexist at the melting point and the growth interface
is obviously at that melting point at every instant during the
growth of a crystal from the melt. What is not so evident is
that a finite layer of the melt adjacent to the interface must
be at the melting point also, with no sensible heat flowing

15




thrcocugh it 1n 2ither directicn. Otherwise, grcocwth will e
lnterrupted. During cryvstal zrowth, the growth intarizce 1s =2
ce regarded as a heat scurce because each cgrowth laver zhzac
depcslits on 1t gives oI 1ts latent heat oI crystailizazicn oo
zhe process. This heat has tc be withdrawn Zrom the interfacs
and conducted away Irom the melt at a rate matching the growth
rate of the crvstal. Therefore, a state o mutual thermal stz-
oilizaticn exists between the melt and the crvstal at the Trowszh
interface. In Czochralski growth the melt also interfaces wizh
~he gasecus surroundings. A thermal steady stats has tc te
2stablished at the common periphery of the rhases teicra stead:
state growth 1s feasible. This thermal steady state is &ifsi-
cult to achieve i the ratio of Iree surZace ¢cf the melt ©0
growth interface is made large. O©On the other hand, as this
ratio is reduced small surface tension effects due to the Iree
surface of the melt are enhanced and, particularly in the case
of SC fiber growth, mechanical equilibrium becomes an added

consideration.

The capillary-fed Czochralski method helps overcome the
difficulties in SC fiber growth inherent in the coaventicnal
Czochralski method. Apparatus constructed for initial experi-
ments at HRL is shown in Figure 7. A capillary tube suspended

1n a crucible in effect reduces the crucible diameter to the
desired diameter of the fiber and brings surface tension into
play. It is assumed that the melt wets both the crucible and
the capillary tube walls. Capillarity has been found to main-
tain the level of melt in the capillary, since its height is
less than that of the capillary column that can be supported bv
the surface tension of the melt. The melt does not overilow
because the tube does not have capillary dimensions at the growth
nozzle shown in Figure 7. We believe the nozzle angle is critical

in steady-state

directed toward
i surface tension

bl o

fiber growth.

Current experimental work 1is

optimization of this nozzle parameter,

taking

fully into account.

16




12253-~-4

3=

L L L

Figure 7. Capillary-fed Czochralski apparatus for grcwth of SC
fibers.

F. HYBRID SINGLE CRYSTAL FIEERS

One of the key objectives of the present nonlinear £fiber

program is to survey growth methods and identify the most suc-
cessful techniques for preparation of particular nonlinear

materials or classes of materials. However, it is anticipated A

that even with the best techniques it will be difficult at first
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According to LeChatelier's Principle (Ref. 2),
e

-

r
all svstems in which the molar volume of the sclid 2xc
2 he s

(R

ds
olution, simple application of pressure will cause <h:z
1liprium constant, X = kf/kr, to 1increase. c

u dence, 1c
raegions of the solid go into sclution when subjected tc pcoint cr

line pressure. The application of pressure to a fiber at such z
crystal surface in solution theresfore causes the fiber tc "sub-
merge" into the solid. In the second method a fiber is *otally
encased by the crystal during growth from solution.

Results of experiments with these embedding technigues are
shown in Figures 9 and 10. LiIO3 has a calculated negative vcl-
ume change of 17.4 percent for the forward reaction; hence, it
was selected for the initial work. The photographs demonstrate
the good coptical contact achilievable in a few hours between a
glass fiber core 125 um in diameter and a LiIO3 crystal in a
90° phase-matching geometry.

Because the fibers can be arranged to lie in any directicn
Wwith respect to crystal axes, our embedding techniques are ver-
satile ways of achieving oriented, nonlinear optical fibers with
controlled properﬁies (see Section 5 on Invention Disclosures).
For example, by choosing the appropriate fiber orientation ang
diameter we should be able to make use of any specific electro-

optic coefficient for second harmonic generation in any range

19
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Hybrid single cryvstal “iber oroduced by the
saturated solution 1ress method. (a) Silica
Fiber core (125 'm diametoer) cmboedded in
surface of LiIO3 in cenventional 90° phase

matchling geometry. (b) 100X magnificd view
of the embedding trouch after reroval of
short section of fibery.
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We therefore scec no obstacles in the application of these
hybrid fibers to gencerate scecond harmonic radiation tfor the
21
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SECTION 3

PUBLICATIONS

1. S. A. Harringtcn, "Crystalline Fiber Oztics,”" in
Encvclopedia cof Materials Science and Encineering
1s provided

(Pergamon
A copy orf this article in

Press, 1982).
Aprendix A.




SECTION 4

BIOGRAPHIES OF KEY PERSCNNEL

The bicgraphies of the personnel whc are centriburing =

the program are presented in the Zollowing pages. L. G. DeShazer

1s the Principal Investigator of this research zrcgram.
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Ph.D.
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1963.
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Dr. DeShazer has 23 years of

experience in the areas of sc
nonlinear optics, laser damag
atomic spectrcscopy. From 1363
was at Hughes Aircral¢ Ccmparnv,
inveolved in research con enerzy

solid-state laser materials and
laser mode selection technigues.
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In 1966 he joilned the Physics and E
Faculty at the University oI Southe
California as Associate Professor. He
mainly involved 1in spectroscopyv oI

ions in laser materials and pioneer

cetical pulse shaping technigue and 1
age to thin dielectric films.

In 1973 Dr. DeShazer was avpointed the Zi
Director of the Center for Laser Studies
UscC,
as an interface between industry and univer-
sity. While on leave of absence from USC,
from 1975 to 1976, he was Liaison Scientist
with the U.S. 0Office of Naval Research,
London. He left USC in 1978 to return to
Hughes at the Research Labcratories with
responsibility in solid~state laser and
linear optics research programs.

n-

oe

Fellow of Optical Society of America, Gilman
Fellow at Johns Hopkins University (4 years),
Phi Kappa Phi, Phi Eta Sigma, Sigma Pi Sigma,
Gamma Alpha.

American Physical Society, Optical Society of
America, The Royal Institution of Great

Britain, Sigma Xi, IEEE Group of Electron
Devices, SPIE.
Dr. DeShazer is the author of 82 technical

papers in the fields of solid-state lasers,
nonlinear optics and spectroscopy. He has

3 patents in solid-state lasers, and was the
dissertation chairman for twenty Ph.Ds.
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SAMES A. HARRINGTON, Senior Staii Phvsicist, Ootical Phus:
Cerzarcment, Hughes Research Laporatories.

zducation B.S. (Physics), Grinnell College, 1964;
M.S {(Physics), Northwestsern Univers:yzy, .
Ph. (Physics), Northwestern Urnivers.z., .
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ExXperience Dr. Harrington has 13 years of research
ence in the area of optical prcperties
sclids. Since joining Huches Research
Laboratories in 1977 he has peen invcl
the studv of low-loss materials and co
Ior use as high-cower infrared laser ¢
nents. Recently, he has been apvointe
iger, infrared Iiker optics respcnsik
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at the University of Alapama in Huntsvillie 4
from 1973 to 1%976. At the University of
Alabama, he conducted fundamental invest:
tions into the nature of optical absocr:o
highly transparent solids using lu‘rared scec-
troscopic and laser calorimetric technigues.
During the course of these investigations, he
developed many refinements in state-of-the-

art techniques to allow for the study of sur-
face and bulk absorption. Before joining the
University of Alabama, he was a research
physicist at the Naval Research Laboratory

from 1972 to 1973, where he conducted similar
studies on the optical properties of icnic
solids. These included the first high-
temperature measurements made on alkali halides
using COp laser calorimetry.
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At the University of Stuttgart (1970 to 1972)
and Northwestern University (1964 to 1970},
Dr. Harrington was involved in the study of
the optical properties of pure and dored alwvn-o-
line earth fluorides. These studies spanned
the infrared, far infrared, and visible
regions using the techniques of infrared spec-
troscopy, far infrared Michelson interferome-
try, Raman scattering, and low-temperature
thermal conductivity.




JAMES A. HARRINGTON (Continued)

Heonors

Professional

Societies

Puplications

Special Achievement Award, Naval Research
Laboratory (1973); Publication Award, Nava:
Research Laboratory (1974).

American Physical Society, Optical Soccilety cI
America.

Dr. Harrington has authored over 25 pupl:
tions 1n theories of laser calorimetry, 1
dvnamics, and optical procerties oI solids.
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ANTONIC C. PASTOR,
Physics Department, Hughes Research Lanorac

zducation

ZXperiance

Professional

Societies

Publications

Member oI the Technical StafI, Zcoizal
oriss.

B.S. (Chemical EZEng:ineering), Cniversi=zy =:Z
Santo Tomas (Manila, Phillipines), 1230;

M.S. (Physics), Universizy oI Chiczacge.

Mr. Pastor joined Hughes in 196tz and has teen

working on the growth of reiractory laser zand

electro-optic crystals, as well as the AQS;;:

of growth equipments for use 1in the Eugh
reactive atmosvhere crocess Icr highly =rans-
narent alkali halide and 2alxaline =ar=zh
fluoride windcw materials. Mors racently he
has been engaged¢ in similar werk cn mcnoc*y-
stalline fiber growth cI Dotassium and :
lium halides and in the dezosizicn c¢f <
films of inorganic compounds using meta
organic ohotoresists. From 1961 =<c 196
was emploved at Korad, working particularly cn
improving the Verneuil method of crystal
growth and the development of high temperac
crystal preparation methods and the related
ceramics and instrumentation technigues. =
earlier years, he was an instructor at the
University of Santo Tomas and at the Mcntana
School of Mines, and also practiced chemical
engineering and operated a commercial labora-
tory for chemical analysis.

American Association of Crystal Growers.

Mr. Pastor is the author of several publica-
tions in the Journal of Chemical Physics and
the Materials Research Bulletin. He has
numerous patents and patent disclosures in the
field of crystal growth.
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RICARDO C. PASTCR, Senior Scientist, Optical Physics Devartmenz,
Hughes Research Laboratories.

Education

IXperience

Honors

Publications

B.S. {Chemistry), University of Santo Tcmas,
1942;

Ph.D. (Chemical Physics), University oI Chicaco,
1953.

Dr. Pastor rejoined Hughes in 1968. He has

34 years experience in the study of lonic crv-
stals and electro=-optics and laser materials;
currently involved in development of surface
and bulk materials for solid-state laser hosts,
laser windows, thin f£ilms, and electro-ortical
applications. Previously, developed growth
process for metal halides and involved in crv-
stal growth and materials evaluation Zor lasers
and nonlinear optics.

For seven years, as Manager of the Chemical
Physics Division of Korad Corporation, he
directed research in various materials. He was
previously Manager of Chemical Physics in the
Applied Physics Laboratory of Quantatron,
directing programs in new laser materials.

When he was employed with Hughes from 1956 to
1961, he performed solid-state chemical
research with maser materials. Earlier, built
nuclear and electron magnetic resonance eguip-
ment in Princeton University to study radiation
damage, carried out spectroscopy studies of
materials, conducted research in vitamin extrac-
tion, and taught chemistry.

Sigma Xi and Fellow of the Physical Society oI
London. Recipient of the 1979 L.A. Hyland
Award.

Dr. Pastor is the author of more than 60 papers
on paramagnetic resonance, crystal constituent
effects, stabilization of dye solutions, and
other supporting studies on laser and electro-
optic materials in Phys. Rev., J. Chem. Phys.,
J. Appl. Phys., Rev. Mod. Phys., Mat. Res.
Bull., and others. Also author of several pat-
ents on a color TV phosphor, a laser head cool-
ing system, preparatiocan of low hydroxyl metal
halides, purification of alkali earth metal
chlorides and bromides, and reactive atmosphere
crystal growth methods for metal halides and
oxides.
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HEN C. RAND,

Societies

Publications

Member oI cthe Technical Stafi, Crzical Fhvsics
Hughes Research Laboratories.
B.5c. (Phvsics), McMaster Universiy<,, 1371;
M.Sc. (Phvsics), Cniversizy oI Tcrontco, 15274
2h.D. (Phvsics), University of Tcoroncos, L3723,
Prior to joining Hughes, Dr. Rand was encazcd
in light scattering experiments a2t the
Cniversity of Tcronto, rerorting Brill:-ousln
measurements in all the rares gas sciids znd
~he Zamilyv oI deuterataed methane sgmpcounds.
He spent two vears as a World Trade Fallow 3=
IBM Research in San Jose, California. Ther:
his research was in the ar=2a oI octical sche-
rent transients and svectral heole-burninzs i
rare-earth doped crystals. It culmina=zad o
the discovery of "magic-angle line narrowincg”
on an optical transition of 2r ions .n Laf:l.
Subsequently he spent two vears as a rasearch
associate in the Stanford University Decar<men
of Physics. During this period he werked on
radiative pair emission and abscrption -rc-

cesses 1n rare earth materials.

Dr. Rand joined Hughes Research Laborazcries
in June 1982 and is currently involved in
experimental physics research in fiber crtics,
nonlinear optics, color center lasers, stimu-
lated pair processes and guantum electronics.

American Physical Society; Optical Society of
America.

Dr. Rand's publications in the above areas

include more than 20 papers in Physical Review

Letters, Physical Review, Optics Communica-
tions, Solid State Communications, Phvsics
Letters and the Canadian Journal of Phvsics.
He has also contributed to several bcoks:
Laser Spectroscopy IV (1979), Laser
Spectroscopy V (1981), Light Scattering in
Solids (1979) and Lasers and Applications
(1981).
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SECTION 5
INVENTION DISCLOSURES

SIZMPLE GROWTH METHOD FOR FABRICATION OF SINGLE CRYSTAL
HYBRID OPTICAL FIBERS

i

(W]

Inventor
Stephen C. Rand

> Summarv of the Invention

ty

We describe a technique for embedding optical ZIilter
cores in bulk nonlinear crystals in such a way as tC achleve zccd Zcn-
tact over 2 significant length and surface area of

t
method uses simple growth in solution of a crystal a
1S

nonlinear optics.

B. SATURATED SOLUTION PRESS METHOD FOR FABRICATION CF HY3RID
SINGLE CRYSTAL OPTICAL FIBERS

0 Inventors
Stephen C. Rand
Ricardo C. Pastor
0 Summary of Invention
We describe a technique for embedding optical

fiber cores in bulk nonlinear crystals in such a way as to achieve
good optical contact over a significant length and surface area of
the fiber. The method uses pressure to embed a glass fiber in a
crystal surface in saturated solution, creating a hybrid single

crystal fiber suitable for nonlinear optics.

. )




. MCONCCRYSTALLINE FIBER GROWTH OF CONGRUENTLY MELTING MATERIALS

©

Inventors
A.C. Pastor
J.A. Harrington
R.R. Turk
A.G. Standlee

D Summarv of “he Invention

This invention consists of a device, and ¢I a
method emploving that device, for growing single crivstal Zircers
oI congruently melting materials from the melt, using as feed
stock extruded polycrystalline fibers of the same materials, wizh

or without alteration (reduction or expansion) of the Ziber

ot

diameter. (This work was initiated under a concurrent ONR

contract.)
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APPENDIX A
CRYSTALLINE FIBER OPTICS

(Article prepared for Encyclopedla of Materials Sclence and Eaginearing,
Pergamon Press, 1982)

J.A. Harriagton, 'lughes Research Laboratories

Tibers made from crystalline materials have recently been developed nrc
use as Infrared (IR) transmissive waveguides and a1s a media fur various
nonlinear {anteractlons. As iInfrared waveguldes, single—-crystal (3C) fibers
nay be viewed as a means to luprove on the pecformance of polycrystallliae (22)
Javeguides extruded from the same crystalline materials. For example, °C
{RS-5 (T1Brl) has been extruded into flber with grain sizes from 3 to 100 um
and losses as low as 0.4 dB/a at 10.6 um. This PC fiber loss {s three-nrders
of magnitude above the Lntrinsic loss for KRS-5 at 10.6 um. By goling to 3C
fibers, the losses should be reduced because scattering and absorptive losses
agssociated with grain boundaries, excessi{ive residual strain induced in the
extrusion process, and poor surface quality would be eliminated. 1In fact,
theoretical calculations for a varlety of IR crystals indicate that perfect SC
fibers should have the ultimate low loss of 10~° dB/km in the 2 to 6 um
region. As a media for nonlinear processes, SC fibers may be used as
nodulators, signal processors, and as parametric sources. SC fibers of Nd:YAG

have heen made to lase and could also be used as in-line fiber ampliflers.

A METHODS OF SC FIBER GROWTH

The methods used to prepare SC fibers fall {nto two broad categories:
edge-defined growth and pedestal growth. 1In the first category, the fiber
material i{s fed through a capillary which confines and shapes the resultant
fiber. The second technique does not use a confining capillary or shaping
tube; instead, the feed material {s not contained and only the end is nelted
and drawn into fiber. The basic growth reglions are shown in Figure A-l for

efther method. 1In particular, note the key molten (or floating) zone,

34
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MOLTEN (FLOAT) ZONE

/CRYSTALLINE FIBER

SOURCE MATERIAL
/(MAY BE IN CAPILLARY)

(O~

FEED

Figure A-1. Growth region for SC fiber fabrication.
Source material mav be molten material fed
from a reservoir through a capillary tube
or a solid feed rod. Crystalline fiber
can be pulled either up or down.
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Jhich generally occurs outside the shaper {f one s used. The fiber growth
rate and diameter are determined from misd conservation (contianuity equation)

8

d.°v, = d v R (A-1)

where d¢ = flber diameter, d; = source rod dlameter, V¢ = fiber pull

rate, and Vg = source rod pull rate. Stable growth is possible for

L < dg/dg < 4. ‘ i
Techniques having an edge defining mechanism have heen used to grow the !

lower melting, non—-oxide crystals. As seen {n Table 1, these crystals are the

ductile silver and thallium halides and several alkali halides. These

materials are generlly melted in a reservoir which feeds the small capillary

or shaper tube made from quartz or platinum. The flber is pulled vertically

from the shaper, efther up or down. SC fibers (KRS-5) of up to 2 m {n length

have been made by this method; long fibers can be fabricated because the

source material comes from a molten reservolr.
The pedestal method has been used for higher melting pofnt materials such

as the oxides, although the principle should apply to the lower melting salts

as well. The top of the source rod {s melted, usually with a CO, laser, and

the fiber i{s pulled from this small diameter float zone. Very small (30 um)

dlameter f{bers suitable for highly efficlent nonlinear devices have been

produced. An advantage of this method 13 that the surface variations can be

less than those prepared with an edge definer because the irregularities in

the shaper produce {rregular fiber sprfaces, whereas In the pedestal method, a

smooth surface results {f the temperatuare {s held coastant.
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Table A-1. Properties of SC Fibers
SR Fiber Growth Fiber Growth Loss
Material Technique Diameters Rate at 10.6 um
um cm/min dB/m
Csl EDG 700-1000 0.5-0.6 12
EDG 300-800 2 44
KCl Soluttoa 80-160 months 217
T1Cl EDG 300-800 1 3
KRS-5 EDG 600-1000 0.5~-3 -
AgCl EDG 300-800 3 83
AgBr EDG 350-750 2 (max) 9
Nd:YAG Pedestal 50-500 0.1-1 -
Al,03 Pedestal 50-500 0.1-5 -
LiN®O 3 Pedestal 50-500 0.1-1 -
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B. SC FIBER MATERIALS AND LOSSES

Current losses in SC fibers are high. Table A-l gives the measured fiber
losses at 10.6 um. Also listed are the range of fiber diameters and the
growth rates. The rates are slow (~0.5 cm/min) by comparison to conventional
fiher drawing or even PC fiber extrusion. However, they are fast when
compared to crystal growth in general. It should be possible, based on
Fquation (A-1), to [ncrease the growth rate as growth techniques are
perfected.

The high losses {n the fibers are due to the purity of the starting
adterial and the poor surface quality of the fibers. Pure alkall halides are
available (see article on Purification) and will probably be used J+hen the 3C
techniques are perfected. The surface qualicty {s a major pronlem. Surface
irregularities result from perturbations in the crystal growth parameters.
Specifically, temperature and pulling speed fluctuations lead to fiber
diameter variations that cause scattering losses {n the fiber. 1In addition,
faceting can occur for certain fiber materials such as the alkali halides.
That is, the fibers want to grow with a squarish (alkal{ halides) or
elliptical (LiINbO3) cross-section that 1s characteristic of Czolchralski-grown
boules. As the growth techniques are refined and purer starting materials

become available, it is expected that good optical SC fibers will be grown.
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